We demonstrate a mode locked silicon evanescent laser (ML-SEL) which generates a 39.2 GHz pulse stream without requiring any RF drive signal. This passively mode locked laser outputs 3.7 ps pulses which are nearly transform limited and have 18 dB extinction ratio.
I. Introduction
Mode locked lasers are useful for generating short pulses for telecommunications, instrumentation and optical LIDAR [1] [2] [3] and for generating and distributing low phase noise clock signals for a variety of applications. To achieve interesting mode locking frequencies in the range of 100 MHz to 100 GHz, the cavity length is often quite long (1 mm to 1 m). As a result, mode locked lasers typically use external cavities in air or optical fiber [1] [2] [3] . It is far better to have an integrated cavity to reduce the internal reflections and enable compact sources. Some demonstrations in InP have been made [1, [4] [5] [6] [7] . The low loss of silicon waveguides combined with the ability to make compact, spiral waveguides make it highly desirable to fabricate integrated mode locked lasers on silicon. The indirect bandgap of silicon has made this a challenge receiving attention from many researchers, with successful results from a few different methods [8] [9] [10] [11] [12] . We have developed a photonic integrated circuit (PIC) technology based on propagation in silicon waveguides combined with evanescent coupling to thin films containing III-V quantum wells and used it to demonstrate active devices such as lasers [11] [12] , optical amplifiers [13] , and photodetectors [14] on a silicon platform.
A high repetition rate optical pulse source on silicon is desirable for the generation of optical clock pulse streams which could also be data encoded with use of an optical modulator. Passive mode locking allows for these pulses to be generated without any RF modulation signal [5] [6] . Hybrid mode locking using low power RF signals (less than -10 dBm) have been used to synchronize the mode locked laser pulses to an electrical signal [4, 7] , which increases the applications for these lasers, such as for optical time division multiplexing (OTDM), and ultra low jitter pulse sources. In this paper we present a passively mode locked silicon evanescent laser (ML-SEL) with characteristics that are comparable to those of traditional semiconductor mode locked lasers. The silicon evanescent waveguide platform's low dispersion waveguides and low confinement factor may even prove to offer some advantages over traditional III-V semiconductor MLLs. Since most of the optical mode is contained in the silicon waveguide, future ML-SELs can be utilized in photonic integrated circuits with low loss passive waveguides, and monolithic integration with other active optoelectronic components is possible. Figure 1 shows the device cross section of the ML-SEL. The structure consists of III-V quantum well-based InP epitaxial layer structure bonded to a silicon-on-insulator (SOI) rib waveguide to provide evanescently coupled optoelectronic interaction with silicon waveguide modes. The silicon waveguide has a width, height, and rib etch depth of, 2.5, 0.69, and 0.39 microns, respectively. This results in silicon and quantum well confinement factors of 67.4% and 4.3%. The fabrication is done in four major parts. First, the silicon waveguides are formed on the SOI wafer. Next, the III-V epitaxial layer structure is transferred to the SOI wafer through oxide plasma assisted wafer bonding [15] [16] . The III-V layers are then processed to control the flow of current to the optical mode. Finally the devices are diced and polished to create high quality mirror facets and define the cavity length. The mirror facets were left uncoated in these experiments, yielding power reflectivities of ~0.32. The III-V epitaxial layer structure and detailed fabrication procedure can be found in reference [12] . The device layout is shown in Figure 2 . The device consists of a 995 micron long gain section and a 50 micron long saturable absorber section. A 10 micron long isolation region between the two sections is implanted with protons through the III-V layers. This provides a measured electrical isolation of 772 kΩ between the gain and absorber sections. Since the group index for this structure is ~3.6, the total cavity length is designed to be 1060 microns long in order to achieve a pulse repetition rate of ~40 GHz. Uncertainty in the polishing process leads to deviations in the total cavity length from the designed value. Mode locking occurred at 39.2 GHz, close to the 40 GHz designed value. Future devices utilizing ring configurations [6, 12] or DBR mirrors would allow for precise determination of the repetition rate and for monolithic integration with other components [4] .
II. Device Structure

III. Experimental Results
The device was temperature stabilized at 13°C. The laser was biased with 206 mA on the gain section and 0.4 V forward bias on the saturable absorber section. Although forward biased, the absorber still absorbs light at this bias and generates a photocurrent of 1.15 mA. The fiber coupled average output power from the gain section side of the laser was 0.23 mW for these operating conditions. Stable mode locking was maintained when the gain section bias was between 196 mA and 236 mA for the absorber bias of 0.4 V. At lower gain bias currents, mode locking became unstable or lasing ceased altogether.
At higher gain currents, the pulse characteristics began to degrade.
The experimental setup is shown in Figure 3 . To amplify the signal for testing purposes, the output was sent to an EDFA. The signal was then split, with half sent to a second harmonic generation autocorrelator (SHG), and the other half sent to another splitter. The outputs of the second splitter were sent to an optical spectrum analyzer (OSA) and a photodetector (PD) connected to an RF spectrum analyzer (RFSA). This setup enabled simultaneous monitoring of the optical spectrum, RF spectrum, and pulse characteristics. An autocorrelation trace of the laser output is shown in Figure 4 . The shape is well matched to a hyperbolic secant squared fit as expected for passively mode locked laser pulses. The autocorrelation width is 5.7 ps, which corresponds to an intensity pulse full width at half maximum (FWHM) of 3.7 ps. The peak power is then 1.4 mW, determined from the pulsewidth, sech 2 pulse shape, and average power. The extinction ratio of the autocorrelation trace is 18 dB. The optical spectrum corresponding to this pulse is shown in Figure 5 . The spectral width is 0.9 nm, yielding a time bandwidth product of 0.40. This is close to the transform limit of 0.32 for hyperbolic secant squared pulses. The RF spectrum of the output is shown in Figure 6 . Frequency instability causes the frequency sideband noise seen in the figure. However, this is common in passively mode locked lasers [5] [6] . The 3-dB RF linewidth is less than 1 MHz, and the 20-dB RF linewidth is ~5 MHz. This result is comparable to other passively mode locked lasers. The use of a highly reflective coating on the facet adjacent to the saturable absorber or both facets should lower the lasing threshold and improve the frequency stability of the laser.
Hybrid mode locking of these devices provides significantly decreased RF noise, and results will be presented elsewhere. This technique may also allow for synchronization to an electrical input signal at the fundamental frequency or a lower order harmonic. In other words, a 2.5 or 10 GHz electrical clock or data signal could be used to create synchronized 40 GHz optical clock pulses from a mode locked laser. Due to the low duty cycle (14.8%) of the pulses produced, optical time division multiplexing of the pulse stream is possible. Fig. 6 . RF spectra of the laser output with 500 MHz span and 10 MHz span (inset), both with a 10 kHz resolution bandwidth.
IV. Conclusions
We have demonstrated a mode locked silicon evanescent laser, which generates high quality pulses at 39.2 GHz repetition rate without requiring any RF drive signal. The measured pulsewidth is 3.7 ps with an extinction ratio of 18 dB. Future devices incorporating a ring laser structure [6, 12] , DBR mirrors [4] , or deeply etched mirrors will allow for monolithic combinations of mode locked lasers with other optoelectronic devices as well as CMOS electronics. These designs would also allow for precise determination of the repetition rate, which is required for synchronization applications [4] . Since most of the laser mode is contained in the silicon, coupling to low loss waveguides is also possible, which has important implications for integrated optical time division multiplexing and other applications.
